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FOREWORD 


Thin Final Report was prepare! by RCA Laboratories, Princeton, 

New Jersey, for the NASA George C. Marshall Space Flight Center at 
huntsvllle, A1 .bama. It describes work done unler Contract NAS8-26808 
during the period 18 October 1972 to 31 March 1975 in the Information 
Sciences Research Laooratory, Dr. Jan A. Rajchman, Staff Vice President 
and Director. The NASA Project Monitors were Mr. E. J. Reinbolt and 
Mr. G. A. bailey. 

Earlier efforts under thi3 contract were reported in a comprehensive 
3-volume interim report issued in November 1972 (refs. 1-3). 
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R LAD-WRITE HOLOCRAPHIC MEMORY WITH 
IRON-DOPED LITHIUM NlOhATE 

by 

C. A. Alphonse and W. Phillips 
RCA Laboratories 
Princeton, New Jersey 08540 

SUMMARY 


The response of ir^n-doped lithium niohate under conditions cor- 
responding to hologram storage and retrieval is described, and the 
material's characteristics are discussed. The ">r<.ical sensitivity can 
be improved by heavy chemical reduction of lightly doped crystals such 
that most of the iron is in the divalent state, .he remaining part being 
trivalent. The best reduction p-ocess found to be reproducible so far 
is the anneal of the doped crystal in the present* of a salt such as 

lithium carbonate. It is shown by analysis and simulation that a page- 

3 

oriented read-write holographic memory with 10 bits per page would 
have a cycle time of about 60 ms and a signal-to-noise ratio of 27 dB. 
This cycle time, although still too long for a practical system, repre- 
sents an improvement of two orders of mapnitude over that of previous 
laboratory prototypes using different storage media. 


1. INTRODUCTION 


The work at RCA and elsewhere on read-wrlte holographic memory has 
shown that the component that poses the major problem in the realization 
of a system operating in the submillisecond cycle Lime is the storage 
medium. In an experimental memory built by RCA (ref. 4) the storage 

medium was thermoplastic. Although the sensitivity of thermoplastic is 

2 

high, of the order of 0.2 wJ/mm for IX diffraction efficiency, the 
memory cycle time is of the order of a few seconds, due to the required 
processing (charging and thermal fixing). A more suitable alternate 
storage medium is iron-doped lithium niobate. Its sensitivity has been 
improved considerably by means of a process that involved light doping 
of the material followed by heavy chemical reduction (ref. 5). The 
crystal is easy to grow and to handle, and the chemical treatment proc- 
ess seems to be reproducible. 

In order to determine its usefulness as a potential storage medium, 
it is necessary to establish its characteristics. This includes the 
development of the preparation process that maximizes the sensitivity 
and the refinement of that process to achieve reproducibility. It also 
includes the theoretical and experimental study of the time development 
of the holographic storage and erasure, its dependence on beam modula- 
tion, recording angle, and its noise characteristics. 

This Final Report deals with the progress that has been made in 
this effort and dwells on two major topics. The first is the material 
characterization per se. It includes :he determination of the time 
response of the material to holographic stimulation, a discussion of the 
sensitivity and of "he methods used at RCA to improve it, of the depen- 
dence of the holographic efficiency on recording angle, and of the noise 
characteristics. The second part discusses the systems requirements and 
limitations and uses the result of the time response analysis and the 
noise measurements to predict the performance of a read-write holographic 
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storage system using Iron-doped LiNbOj. The predicted performance is 
verified experimentally by tr .ns of measurements in u simulated read- 
write memory environment. 

Thir. work demonstrates that the sensitivity of lithium niobate 
doped with iron has been increased reproduclbly by a factor of about 40, 
and that the noise characteristics have also been Improved. It also 
indicates that a holographic read-write memory with a cycle time of 
about 60 ms and a high signal-to-nolse ratio is row feasible with this 
material. Although this cycle time 1 b still too low for a practical 
system, it does represent a two-order-of-magnitude improvement over 
earlier prototypes (ref. 4). 


11. MATERIAL CHARACTERIZATION 


A. lime Dependence of Holographic Storage and Erasure 

In an effort to characterize the Iron-doped lithium niobatu 
(I.INbOjsFe) samples, some o the most Important questions that must be 
answered are: For a given Holographic Illumination, how much time does 

it take for the diffraction efficiency to reach a certain value? How 
does that time depend on the illumination level? What is the time con- 
stant for erasure? What determines the material's optical sensitivity? 
What parameters must be manipulated chemically in material preparation 
to improve Lhat sensitivity? The answer to those questions lies in the 
rigorous analysis of the complete space-time development of holograms 
under writing and erasing illuminations. 

When exposed to light, a number of electrooptic ferroelectric or 
photoref ractive materials exhibit refractive index changes (ref. 6). 
These changes are attributed to electrooptic effects due to the storage 

of electric fields (ref. 7) in the material as a result of the optical 

2 

exposure. For very intense light (of the order of several W/mm ) the 
stored electric field is the result of macroscopic polarization changes 

in the material due to nonlinear absorption (ref. 8). For light of 

2 

moderate intensities (less than a few hundred mW/mm ) the mechanism of 
electric field storage is that of space-charge migration (refs. 7,9). 

It is this space-charge model that applies to holographic storage in 
read-write memory systems of the type under study in this work. In this 
model electrons are excited from impurity traps by the incident radia- 
tion and, upon migration, are retrapped at other locations, giving rise 
to a frozen-in electric field. The latter induces refractive index 
changes via the electrooptic effect. In undoped crystals the traps are 
provided by small traces of impurities. In doped crystals, the dopants 
act as donor-acceptor traps via intervalence exchanges such as 
Fe 2+ «• Fe 3+ in LiNbO^iFe (ref... 5,10). In general, the migration of 
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charges occurs under Che combined Influence of dll fusion and an electric 
field. The electric field may be internally generated or externally 
applied. Although the space-charge field can have arbitrary dire lions, 
only the component along the optic or c-axis is of most interest to 
holographers because of the relative size of the r^ electrooptic co- 
efficient compared with the other coefficients (ref. 11). This field 
causes a change to occur mainly in the extraordinary refractive index 
with* Jt affecting the other optical properties of the material. This 
refractive index change An^ is given by (ref. 12) 


An 

e 


1 n 3 

-r n 

2 e 


r 33 K s’ 


( 1 ) 


where n^ is the extraordinary refractive index, r^ is the third 
diagonal component of the electrooptic tensor, and the stored elec- 
tric f'.eld along the o"tic axis. When the illumination is spatially 
periodic, is also periodic and the refractive index pattern is the 
hologram. 

The stored electric field under spatially periodic illumination, 
as in hologram formation, has been calculated from the space charge 
model (ref. 13). The results from ref. 13 that apply to the subject of 
this teport are summarised below. When the medium, oriented as shown 
in Fig. 1, is ' lluminated by beams 1^ (object) and 1^ (reference) at 
the incidence angles ± 6, respectively, the total illumination 1, as a 
function of the z-coordinate, is given by 


l(z) - 1 q (1 + m cos Kz), 


( 2 ) 


where 1 is the sum of the Intensities 
o 

modulation inuex, and K is the angular 


lj and I 2 , m - 2/ljl 2 /I Q 
frequency, given by 


is 


the 


K 


H 8ln 
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C (z-DIRECTION) 


WAVELENGTH 



Figure 1. Setup for recording holograms in LiNbO.^ crystal. 


where A is the wavelength of the incident light. It is assumed that the 
lifetime x of the photoexcited electrons is much shorter (of the order of 
10 ^ s) than the dielectric relaxation time. The lifetime is given by 
(refs. 14, 15) 


1_ 

N VS' ’ 
e 


(4) 


where N is the density of empty (or acceptor) traps in the material, 

V the thermal velocity of the electrons, and S their capture cross sec- 
tion. The dielectric relaxation time T is given by 

o 


T 

o 


n o qp * 


(5) 


where e is the dielectric constant, n y the average concentration of the 
photoex.. ed electrons, q the electronic charge, and u the mobility. It 
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1b a) bo assumed that the migration length L. (Average dialance travelled 
during a lifetime la auch that KL << 1; from ref. 13 thin la true for 6 
leaa than about 23*.) Under those condition* the electron concentration 
n la Juat the product of the lifetime and the generation rate g t I.r, . 

n - ig, (6) 


where (ref. 9) 


a 


hv 


1U). 


(7) 


and where o la the abaorption cross section, la the density of filled 
(or donor) traps, h la Planck's constant, and v is the optical frequency. 
It is convenient to write Eqs. (6) and (7) as 


n • n^ (1 + m cos Kz) ■ n o n(z), 


..here 


0N f , 
n ■ r — t I 
o hv o 


(9) 


is the average concentration discussed earlier, and where 


n(z) ■ 1 + m cos Kz. 


( 10 ) 


The current density is 

J ■ qDn Q Vn(z) + q n o n(z)E, (11) 

where D is the electrons' diffusion constant, and E is the total elec- 
tric field, equal to the sum of the ctored field K and of any dc field 
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that may be applied or that may exist within the material. In ref. 11 
it la bhown that when all this information Js bubbtltuted into the con- 
tinuity equation 

v ' i + l (^)- »• < 12 > 

the magnitude of btored electric field (in the z-directlon) is 

E b (z,t) “ 7777 E max I 1 ' • x Pl-0(*)t/T o ! - *), (13) 

where 



and where k is Holtzman's constant, T is the absolute temperature, . id 
E is assumed to be elong, the z-axis. Due to the factor n(’.) in the 

cl 

denominator and in the e. onential, E contains several harmonics. How- 
ever, when the object consists of a large number of light spots at dis- 
crete locations, the light from each spot or bit creates an illumination 
in the form of Eq. (2), with m << 1, and Eq. (13) reduces to the simple 
s inu...‘ , id 


E (z,t) * m E [1 - exp (-t/T )] sin (Kz - $). (16) 

s ’ max o 

This field can be permanently "fixed" in the material (ref. 16). 
i f no fixing is done, then upon constant illumination the stored elec- 
ield is erased. If the initial value is E q (z • Che field decays 

E s (z,t) - E q (z) exp (-t/T o ). (17) 
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Ah mentioned earlier, the stored field given rise to a retractive 
index change [Eq. (1)] which const! tut es a phase hologram or grating. 

The hologram of an arbitrary object or of a distribution of point sources 
is a superposition of the Individual gratings made by the interference 
of the reference beam and the point sources constituting the object. 

For read-out, the hologram is exposed to the reference beam alone, 
polarized extraordinarily, in order that its propagation be affected by 
An^. Since the hologram's thickness is ot the order of 1 mm, equivalent 
to about 2000 optical wavelengths, and since the reference beam is at 
the Bragg angle, the diffracted light is a reconstruction of the object 
beam. The diffraction efficiency n, for negligible absorption, is given 

ni | An I \ 

r^roj . < 18 > 

where £ is the hologram's thickness. In practice the absorption con- 
stant u is nonnegligible, and if it is considered uniform, the effi- 
ciency is reduced by a factor of exp (-2 u £). Moreover, the quantity 
in parentheses in Eq. (18) is often much less than n/2. This gives 

T 1 2 

n " |_ A~cos Tj exp (_2 ° *>• (19) 

The effect of the absorption can severely limit the efficiency. For 
example, if a is large, differentiation of Eq. (19) with respect to £ 
shows that the optimum thickness is £ - 1/a and that the maximum effi- 
ciency is 14%. It must be not^d that if the hologram is not fixed, 
reading it oi't will also erase it, a desirable feature for short cycle 
time in read-write applications. 

B. Optical Sensitivity 

It follows from Eq. (16) that for m << 1 the relaxation time T q , 
which is the time constant for the decay [Eq. (17)] of the stored field 


by (ref. 17) 


sin 


( 
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of the hologram, is also the time constant for its buildup, it is in- 
versely proportional to the illumination. By combining Lqs. (4), (5), 
and (9) we find 


T - 

o 



( 20 ) 


where 


chuVS K 
quo N f * 


( 21 ) 


and where N /N f is the ratio of the empty traps to the filled traps. 

e 1 3+2+ 

in LiNbO^:Fe this ratio is that of the Fe to the Fe concentrations. 

We no' that for a given sample, C is u constant that is proportional 

to th ratio of empty-to-filled trap concentrations. The smaller C, 

the smaller for a given illumination and the faster the build-up or 

erasure of a hologram. It is thus appropriate to designate C as the 

parameter that represents the sensitivity of a sample. Its units are 

2 2 

that ot energy density (if l y is in mW/mm , then C is in mJ/mm ), and 

it can be obtained experimentally by measuring the decay time constant 

of a hologram using a known u ■iform illumination. Indeed, the stored 
— t/T -1 t/C 

field decays as e ° or c ° , and the holographic efficiency n de- 

cays from an initial value n Q as the square of the field, i.e.. 


n/n 

o 


e -2I 0 t/C 


( 22 ) 


A comparison of the value of C fcr different samples is in fret a 
comparison of their respective sensitivities. This is the procedure 
that has been used, together with the measurement of the peak efficiency 
and the dark storage time constant, to evaluate the suitability of the 
iron-doped lithium -liobate samples prepared under this contract for 
read-write applications. This parameter C has also been used to obtain 
expressions for the write and erase times (cycle time) of holographic 
memories. 
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C. Improving the Sensitivity of LiNbO^sFe 

The most important aim of the work to improve the sensitivity oi 

our sampler involves two points: Developing procedures in material 

preparation that will minimize C and developing techniques . 'iat will 

make the procedure reproducible. The highest sensitivity is obtained 

when the crystal has a low overall iron concentration and is treated so 

2 + 

that all but about 10% of the iron is reduced to the divalent (Fe ) 

3+ 

state, the rest of the iron remaining trivalent (Fe ). That this 
criterion is correct can be verified from the expression for the sensi- 
tivity parameter C [Eq. (21) J, and from the expression for the diffrac- 
tion efficiency [Eq. v * j *n the presence of a <orptlon. indeed, 

3+ 2+ 

because C is proportional to the ratio of Fe to Fe concentrations, 

the smaller the ratio, the smaller C, i.e., the higher the sensitivity. 

2 + 

However, since the absorption of the material is determined by the Fe 
concentration, excessive absorption would seriously reduce the diffrac- 
tion efficiency; hence, the need for the overall absorption to be low. 

Two procedures have been employed to reduce the Fe^ + concentration 
to low levels. In the first, crystals are annealed in argon at a 
temperature near 1100°C, then are cooled rapidly to room temperature. 

In the second, they are annealed at 550 to 600°C while packed in 
powdered L^CO^ in an air or oxygen ambient. In addition to providing 
crystals to use in the holographic memory research program, the materials 
study portion of this contract has been aimed at determining whether 

3 + 

either of those methods could be developed to produce low Fe concen- 
tration crystals with predictable characteristics on a reproducible 
basis. The problem anticipated for each approach can be summarized 
briefly as follows. 

2 + 

When iron-doped crystals are annealed in argon, the Fe concen- 

2 + 

tration reaches a high value. However, the Fe reoxidizes as the 

temperature is lowered, making it difficult to retain more than roughlv 

50% of the iron in the divalent state, if the crystals are cooled 

2 + 

rapidly from the anneal temperature, more Fe is retained, and this 





"quenched -in" concent rat ion is stable at room temperature. The amount 
of Fe^ + retained depends on the cooling rale, which in turn depends on 
the size oi the crystal, its placement in the furnace tube, and oilier 
variables that are difficult to control. 

On the other hand, anneal leg of iron-doped crystals in powdered 

Li^COj proJucc.. reduction of the iron by virtue of lithium ions diffusing 

into the crystal. This occurs at a comparatively low temperature (500 

2 + 

to 600*C), and the Fe concentration thus produced is i dependent oi 
the cooling 'ate. However, relatively little is understood about this 
process and two questions in particular had to be Investigated; First, 
are crystals produced in this manner equivalent to those produced in 
argon in terms of storage characteristics? Second, how does the Fe^ + 
concentration thus produced depend on the temperature and time of 
anneal? in addition, a third problem arises due to increased thermal 
erasure of Li^CO ^-reduced crysals. The work to be described was per- 
formed on slices of a LiNbO. } crystal doped with 0.002% Fe p ire based from 
Crystal Technology, Inc. The slices were oriented to lie in the x-z 
plane. The doping was chosen so that heavily reduced crystals of a 
convenient thickness ("v2.1 mm) would absorb 1/2 to 3/4 of the incident 
light at 4880 X. 

1. Sample Preparation by Argon Annealing . - It is estimated that 

2 + 

the cooling rate necessary to "quench-in" about 90% of the Fe popula- 
tion in argon-reduced crystals would be on the order of 10°C per second, 
limited by heat loss of the samples and of their support structure. Two 
experiments were performed to define the degree o 1 difficulty to be en- 
countered in this approach. In both cases, crystals were placed in a 
1.25-in. ID quartz tube furnace and annealed at 1100°C for 16 hours. 

In the first case, samples were placed in a platinum foil-lined alumina 
boat. At the end of the anneal, the entire quartz tube assembly was 
pushed out of the furnace and allowed to cool in the air. In the second 
experiment, a crystal was supported only by platinum foil. When the 
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quartz tube \as pushed out of the furnace after the anneal, it was cooled 
very rapidly with water. 

The optical absorption of the two crystals is shown in Fig. 2. The 

air-quenched crystal has only about 65% of the absorption of the water- 

quenched crystal. The diffraction efficiency of holograms vritten in 

-2 

the water-quenched crystal is extremely small, of the order of 10 %. 

3+ 

This indicates that there is essentially no Fe in the crystal. The 
optical absorption of the air-quenched crystal, on the other hand, in- 
dicates that only 65% of the Fe is divalent, the rest presumed to be 

3+ 2+ 

trivalent. Since this relative concentration of Fe to Fe is not 
optimum, it would be necessary to build an apparatus that would give a 
cooling rate between that of th' water-quenching and the air-quenching. 
This approach was not pursued, however, in view of the excellent results 
obt >ined by the Li^CO^ annealing process descrioed below. 

2. Sample Preparation by Ll^CO^ Treatment . - The procedure for 
L^CO.^ sample preparation is to bury one or more unpolished crystals in 
powdered L^CO^ contained in a small platinum crucible. The crucible 
is then heated in an oxygen atmosphere. The temperature is monitored 
independently of the control thermocouple by means of a second thermo- 
couple placed at the top of the crucible. At the end of the anneal the 
Li^CO^ powder is discarded and the crystals are polished. 

It is generally known that heavy coloration of the crystals would 
take place in the 500 to 550°C temperature range. However, insufficient 
information was available as to whether the reduction of crystals 
treated at the low end of this temperature range would reach equilibrium 
at some predetermined level below 100%, reduction influenced only by the 
temperature. To provide an answer to this question, crystals were an- 
nealed in Li^CO.^ for varying times and temperatures. A sample annealed 
at 554°C for 60 hours was found to have absorption quite comparable to 
the water-quenched argon-annealed semple described earlier. This sample 
is assumed to be close to 100% reduced. However, other samples prepared 
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F* 3 ure 2. Optical absorption of LiNbOjsFe (0.005% Fe) annealed 
in argon and quenched (a) in water, (b) in air. The 
water-quenched crystal is fully reduced. The air- 
quenched crystal has about 65% of Fe as Fe^ + . 


at lower temperatures (486° to 500°C) have less absorption (toriespond- 

ing to 85 to 90% reduction) even after extended an. teal times. This in- 

2+ 3+ 

dicates that the L^CO^ process can be used tc ■ jntrol the Fe to Fe 
ratio in the 85 to 95% region on an equilibriun basis; this is an im- 
portant point that signifies that the process is amenable to close con- 
trol and high reproducibility. The absorption data for a representative 
selection of crystals are shown in Fig. 3. 
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Figure 3. Optical absorption of LiNb 03 :Fe (0.002%) 
annealed in L^COj. Samples (a), (b), 
and (c) are annealed at 485°C for 23 
hours, 48 hours, and 82 hours, respec- 
tively. Sample (d) is annealed at 554°C 
for 60 hours (fully reduced). 


Table I is a summary of the characteristics of several samples 

prepared according to the two procedures. The argon-annealed water- 

quenched sample and the 554 8 C Li-CO samples, which are presumed to be 

2+ 1 J 

fully reduced (100% Fe ) did not store holograms with measurable dif- 
fraction efficiency. The air-quenched argon-reduced sample shows good 

2 

sensitivity with C = 2.2 mJ/mm and extremely long dark storage time 

constant (100 days). By comparison, a typical sample with 1% iron and 

15% reduced, made prior to the development of either reduction tech- 

2 

nique , had C ■ 65 mJ/mm . The most sensitive sample is the 48-hour, 


J 


15 


Table 1. - Summary of LINbOniFe Preparation 
and Characteristics. * 


Preparat ion 


Percent 

Optical 

Density 

c** 

Dark 

Storage 

Anneal Temp. 

Time 

(hr) 

Met he J 


at 450 im 

mJ /nii 

Time 

Constant 

1100’C-Ar 

60 

Water quench 

100 

0.48 

- 

- 

llOO’C-Ar 

23 

Air quench 

65 

0.3 

2.2 

100 day 

554*C 

60 

U 2 C0 3 

100 

0.44 

- 

- 

485*C 

82 

II 

88 

0.39 

2.64 

>100 hr 

485*C 

23 

M 

77 

0.34 

2.1 

>400 h.- 

485*C 

48 

It 

86 

0.38 

1.75 

>100 hr 

500* C 

90 

II 

90 

0.40 

- 

— 


*Arg^n anneal samples, 0.005% Fe; L 12 C 03 annealed samples, 0.002% Fe. 
**By comparison, a sample with 0.1% iron having 15% of Fe2+ has 
C ■ 65 mJ/mm^. 


2 

485°C Li^CO^-reduced sample. It has a sensitivity of 1.76 mJ/mm , an 
improvement by a factor of 38 over the earlier 0.1% Fe sample. The 
L^COj-r educed samples have a shorter dark storage time constant than 
the argon-reduced samples. The explanation of this is not known at the 
present time. We also do not know the explanation for the fact that the 
50C°C sample annealed for 90 hours would not store holograms, in spite 
of the fact that it does not appear to be 100% reduced. One can pos- 
tulate however, that the conductivity of the samples continues to build 

2 + 

up during Li^CO^ reduction even after the Fe concentration has reached 
equilibrium. Thus, the crystal annealed for 90 hours had too much c«.n- 
ductivity for a significant field to build up during hologram formation. 

Figure 4 shows a comparison of the write-erase characteristics of 
holograms made in the 0.1% Fe-doped lightly reduced (15%) crystal and 



Figure 4. Comparison of write-erase characteristics of 
different LiNb 03 :Fe crystals. Dashed curve: 
heavily doped, lightly reduced; solid curve: 
lightly doped, heavily reduced in Li 9 C0^. 

in one of the Li „Cl) -reduced samples. The 0.1% Fe-doped sample, which 
^ J 2 

has a value of C ■ 65 mJ/rnm*', is slow to erase but is capable of high 

diffraction efficiency (dashed curve). On the other hand, the 0.002% 

doped crystal (solid curve), which is 86% reduced with C ■ 1.7 m.J/mni‘ , 

2 

has a much lower saturation efficiency but requires less than 2 mJ/mm 

to erase significantly. The low efficiency is due to the absorption of 
2 + 

the Fe . It was also found that the optically induced scattering noise 
present in the 0.1% doped crystal does not exist in the lightly doped 
crystal reduced by either process. This fact has been observed in all 
the samples that exhibit low diffraction efficiency. 
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3. Exper lments with Reduction In Ollier Powdered Sails . - We also 
explored Che possibility of using powdered salts other than Li to 

perforin the heavy but incomplete reductions required. Two Halts > 
particular were tried, Li^SiO^ and Na.^CO.^. The latter was of particular 
interest because reduction via sodium ions might be expected to produce 
somewhat different properties than lithium reduction, am. perhaps lead 
to longer dark storage times. The absorption curves produced by the 
longest anneals in each of these salts are shown in Fig. 5. For com- 
parison we also show a 100% argon-reduced crystal. Although reduction 

24- 

in these salts yields the expected Fe absorption spectrum, the frar- 

2 * . . 

tiu.iel conversion to Fe is relatively small. The hologram storage 

sensitivity of these crystals was very low, as would be expected for 

34- 

crystals with large Fe concentrations. 

Although the optical absorption produced by annealing in 1 i^SiO^ 
and Na^COj was continuing to increase, the time that would have been 
required to approach 90% reduction was prohibitively long and so this 
line of investigation was stopped. 

D. Spatial Frequency Response 

The spatial frequency response is a plot of the holographic effi- 
ciency vs recording angle expressed in spatial frequency, at constant 
recording energy and modulation index. This response determines the 
allowable range of spatial frequencies for the page composer and the 
uniformity of the output signal. In the absence of the applied field 
E (a practical consideration in the design of a system), Eqs. (13) and 

ci 

(14) predict that the stored fiild is proportional to K which, according 

to Eq. (3), is proportional to the sine of half the recording angle, 

i.e., K ■ (4n/A) sin 0. The e r ficiency, according to our theory, is 

2 

thus proportional to K . However, the theory is valid only as long as 

the electron pattern remains a replica of the illumination, without 

1/2 1/2 

smearing out. If L = (jt) ■ (kT pr/q) is the diffusion length of 

2 

the electrons in the material, the K dependence will be true as long 






Figure 5. Optical absorption of l.iNbOjtFe (0.002% Fe) 
annealed in salts other than Li ^CO... (a) In 

Na 2 C 03 - annealed at 570®C for 90 hours, 

(b) in L^SiOj - annealed at 570®C for 80 
hours, and (c) fully reduced L^COj sample 
(as reference). 

as KL << 1. For larger values of K the holographic efficiency will fall 
off as a result of the smearing of the electron pattern. The spatial 
frequency response is shown in Fig. 6 as a plot of holographic effi- 
ciency vs the spatial frequency f - K/2« lines /mm. For each data point 

3 

the recording As 2.3 mJ/mm , and the modulation index is unity. The 

2 

value of C for the sample is 2.2 mJ/mm and the thickness is 1.7 mm. 

2 

The expected K dependence is shown to exist up to a spatial frequency 
of f 1 1600 lines/mm, corresponding to 0 ^ 23® or K ■ 10^ per mm. 
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Figure 6. Spatial frequency response of LiNbOj. In an 
optical memory, the "turning point" is the 
optimum location of the page composer. 


2 

followed by a roll-off approximately as (1/K) . A calculation (ref. 18) 

2 -11 -5 

using u 5) 16 cm /V-s and t m 4 x 10 s gives L 4 x 10 mm and 

KL ■ 0.4 at the "turning point". The roll-off above the turning point 

is consistent with a theory by Young and co-workers (ref. 18) for the 

initial time development, in which the restriction on the migration 

length is removed. 

From a systems viewpoint the "turning point" indicates the optimum 
spatial carrier frequency or location of the page composer, for oily 
around that point is the storage medium's response essentially flat over 
some spatial frequency bandwidth. For the sample undet discussion, the 
half-power response is from 1350 lines/mm to about 1900 lines/mm 
centered at 1600 lines/mm. 




K. Nol hv Character iat 1c* 


In the road-out of an optical system, any undefjlred light falling 
upon the phc'todetcctor array tenda to reduce the image contraat and 
can be crnaldered aa noiae. In lithium niobate, in addition to the 
uaual noiae due to scattering from lmper feet lone in the crystal, there 
la often an optically induced acattering (refa. 19, 20) that builda up 
negligibly initially aa a function of expoaurc, then riaea rapidly aa 
a fourth power law of the expoaure. Thia behavior la llluacrated in 
Fig. 7. In the ao-culled "atatic" region the noiae contribution la 
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Figure 7. Plot of the ratio of scattered light to incident 
light intensitiea aa a function of expoaure for 
a 0.1% Fe-doped LiNbOj crystal. After an exposure 
of about 1 J/cm2 the induced noise bulldB up as the 
fourth power of the exposure. 
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mainly Irom the unu.i1 scattering process. The Induced noise appears 
only at. iiig.i exposure. It 1 b accompanied hy distortion in the trans- 
mitted bean and exhibits the same properties as the holograms made in 
the sample: gr wth with exposure, angular sensitivity, polarization 

dependence, etc. Tiie experimental evidence indicates that it is the 
result first o' a gradual bending of part of the reference beam fol- 
lowed by tiie in' irference between the bent and unbent portions of the 
reference beam. Tiie ray bending is due to optically induced local in- 
dex inhomogeneil ies due to tiie possibly nonuniform cross section of tiie 
beam. The interference pattern is then recorded as a hologram. Ex- 
perimentally, this scattering is found to occur only in samples capable 
of high diffraction efficiency. This optically induced noise does not 
seem to appear in the materials having improved sensitivity. '.t aunt 
be noted that tiie saturation efficiency of those materials is usually 
low, of the order to a few percent, possibly due to the effect of ab- 
sorption. Thus, for all practical purposes, only the static noise is 
present in those samples. 

The Wiener noise spectrum for a typical Ll^CO^-reduced sample in 
shown ir. Fig. B. A comparison of the Wiener noise at 1000 li les/mm for 
several materials (ref. 21), including l.^CO ^-reduced iron-doped lithium 
niobate, is shown in Table 11. It is seen that LiNbO., compares well 
with dichromated gelatin (DCC) (used as a reference) ai.l may have a 
slightly better noise characteristic. 
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Figure 8. Wiener noise spectrum of a typical LiNb 03 :Fe 
crystal reduced in Li^CO^. 


Table 11. - Comparison of the Wiener Noise of LiNbO^:Fe and of 
Other Storage Media at 1000 lines/mm. 


Material 

Wiener Noise 
at 1000 lines/mm 

Relative with 
Respect to DCG 

DCG (Dichromated gelatin) 

8 x10- 10 

1.0 

Kodak 649F at 50% Transmission 

8xl0" 8 

100 

Afga 10E70 at 50% Transmission 

2.5xl0~ 8 

31 

Bleached Kodak 649F 

9xl0~ 8 

112 

Li 2 C0 3 - Reduced LiNbO^Fe 

5xl0- 10 

0.625 
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111. SYSTEMS CONSIDERATIONS 


/ 


A. Basic System 

The basic configuration of * holographic memory (ref. 5) is shown 
in Fig. 9. It consists of a laser source, a deflection system, a holo- 
lens, a page composer, the storage medium, and a detector array. The 



rrr'l 


PHOTODETECTOR 

ARRAY 


Figure 9. Schematic o' a read-write holographic 
memory from Ref. 23. 


deflection system consists of two acoustooptic deflectors at right angle 

with respect to each other with a resolution of 100 to 1CQ0 positions 

4 6 

each (total capacity of 10 to 10 bits) and with access time of 2 to 

10 ps. The hololens is a holographic optical element -'hose input is 

the light from the deflector and whose output consists of the reference 

3 

beam, which is directed toward the storage medium, and a cluster of 10 

4 

to 10 low-intensity beams directed toward the page composer. This 
page composer (ref. 22) is an array of electronically controlled lignt 
valves that modulate the cluster of beams in a binary fashion (ON ■ "l", 
OFF ■ "0"). Its output and the reference beam are focussed to a 1-mm 
spot at the addressed location on the storage medium. With a 10^ 
position deflector and a 10 bit page composer, the capacity of such a 
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page-oriented memory is 10 bits. The ho log .'am is written-in by the 
application of the reference beam and the object beams from the page 
composer, and it is read out by the application of the reference beam 
alone. The output lights are converted to electrical signals by the 
photodetector array. In a read-write system the read-out is destructive, 
and the hologram must be rewritten before a new address is given to the 
def lectors. 


B. Storage Medium Requirements 

The storage medium is the most important component of the systems. 

It must have the following characteristics: 

1. High Resolution Capabi lity. - Since holographic recording in- 
volves high spatial frequencies, che resolution capability of the storage 
medium should be at least 1000 lines/mm. 

2. Acceptable Dark Storage Time . - Present-day computer systems 
use a hierarchy of memories ranging from the small, fast and volatile 
semiconductor devices to the very lerge, slow and permanent tape 
machines. Data or programs are transferred in blocks from the slow, 
high-capacity units tr. the fast, smaller-capacity units for processing, 
and are later returned to the former devices. Thus, the storage ability 
of an active memory need not be permanent. In optical read-write 
memories the actual storage time would be determined by their ultimate 
place in the hierarchy. Depending upon usage, an acceptable storage 
time may range from a week to several months. 

3. Acceptably Short and Equal Write and Erase Times . - The access 
time of core memories is of the order of 0.4 ps and that of discs is 
abo.a 3 ms. At pre^nt optical memories tend to be slower, but since 

3 

the informatio.. is stored in the form of blocks or pages containing 10 

4 

to 10 bits, some speed compromise can be tolerated. An acceptable 
speed should be of the order of a few milliseconds per page and should 
be approximately the same for both writing and erasing. 
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4. Reversibility . - The material should be reversible tn the sense 
that a hologram should be erasable upon illumination. This implies that 
the read-out with the reference beam must be destructive, Just as in 
core memories. However, to retain the information a rewrite step must 
be Included in the memory cycle. This situation Is acceptable if the 
writing speed is high enough, i.e., if the storage medium is sensitive 
enough, so as not to increase the cycle time beyond practical limits. 

5. Low Noise . - Due tn the transmission losses through the optical 
components, the amount of light reaching the storage medium is of the 
order of 5% of the laser output. The storage medium may contain light- 
scattering structures th»t may broadcast light over the photodetector 
array and reduce the signal-to-noise ratio of the system. This "noise" 
introduced by the storage medium limits the system's capacity. 

Although several materials have been studied as potential storage 
media for holographic memories, iron-doped LiNbO ^ is particularly suit- 
able because it has the above characteristics to a large extent. The 
major drawback is still insufficient sensitivity to make a practical 
memory. However, it is very promising because of its ease of prepara- 
tion and because of the possibility that its sensitivity can be further 
improved . 

C. Components Limitations and Projected Performance 

In a typical optical memory the efficiency of the deflection system 
(about 20 to 25%) and the transmission and reflection losses through 
the various optical components are such that only about 5% of the total 
light reaches the storage medium. From a 1-W laser, only about 50 mW 
of light is available at the storage medium for writing and reading- 
erasing. About 10% of this amount (the hololens output) is split into 

the individual beams to be coded by the page composers and to be stored 

3 

holographically in the storage medium. For a page composer size of 10 
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bits, the reference-to-object beam ratio for each bit is 10 , taking 
into account the effect of the hololens, and the modulation index is 
m - 0.02. The important question is: with only 50 mW of total light 

available at the storage medium, what is the write-erase cycle time 
that can be expected in a memory made from the improved material? 

Also, since the modulation index m is small, and the holographic effi- 
ciency is proportional to its square, the efficiency per bit is ex- 
pected to be small. Then, with a writing time short and equal to the 
• lse time, with the low light level and low modulation index, will we 
get a signal high enough at the detectors to have reasonable error 
rates? 

To answer these questions from the available theory and verify 
them experimentally, let us define a suitable erase time T as the time 
required with the available light to erase a hologram to one-tenth of 
its initial value. From Eq. (22) the erase time thus defined is ob- 
tained by writing 


0.1 - exp (-2 1 T_/C) - exp (-2 T_/T ). (23) 

O C. *1 O 


This gives 


T_ - 1.15 T - 1.15 C/1 . (24) 

E o o 

To estimate the amount of light per bit at cue photodetectors we 
note that, if the writing time T,, is made equal to T„, the hologram 
efficiency reaches about four-tenths of its saturation value in the 
time T^. Due to the absorption of the heavily reduced samples and their 
required small thickness, the measured saturation efficiency in our 
samples for m - 1 is of the order of 0.03. With m - 0.02, the effi- 
ciency per bxt is then 'vlO . Assuming that a total 50 mW of light is 

available to make the holograms and that the hologram diameter is 1 mm, 

2 

we obtain 1 q - 64 mW/mm . With a typical LiNbO^rFe sample having 
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C • 1.7 mJ/mm we obtain 30 mu for T,, and T„, und 50 nW pet' bit. at the 

WE 

photodetectors. Thiu amount should be easily detected with a well- 
designed photodiode and sense amplifier system, 

D. Memory Simulation 

The setup of Fig. 10 simulates a memory with the parameters that 

have just been described. The bololens with 10Z etticiency is i«pre- 

3 

sented by a 10:1 beam splitter; a 10 bit page composer is simulated by 



Figure 10. Simulation of the light levels in a page-oriented 

read-write holographic memory with 10^ bits per page. 

-3 

the neutral density filter having a transmission of 10 . This gives 

4 

the desired 10 beam ratio between the reference and object beams for 
each bit in a page. The light, source is the 488-nm line of an argon ion 
laser. We adjust the laser output and use some optics to obtain a 
total light of 50 mW on a 1-mm-d lame ter spot on the storage medium. To 
improve the detector signal-to-noise ratio, we used differential detec- 
tion with two PIN diodes and a band-limited high gain differential 
amplifier. The detection sensitivity of the system was about 10 ** W. 
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With thi- setup described above, holograms were written in and 
read out in 30 mu each. The resulting sense signal upon read-out is 
shown in Fig. 11. The signal corresponds to about 9 nW of light per 



(b) 

Figure 11. (a) Read-out signal of simulated memoiy 

(binary "1"). Horiz. ■ 20 ms/div., 
vert. *2.5 nW/div. (b) Read-out of a 
" 0 ". 
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bit, or a diffraction efficiency of about 10 Although the detected 
light is small, the signal-to-noiBe ratio is very nigh, of the order of 
27 dB, clearly demonat rat ing the feaalblllty of the ayalem. Table 111 
contains a complete set of experimental data for the simulated memory. 


Table ill. - Optical Memory Simulation Data 


Wavelength 

4880 X 

Reference Beam 

47 mW (60 mW/mm^) 

Storage 
Med i urn 

Fe-LiNb0 3 
(C“l. 7mJ/mm^) 

Material Relaxa- 
tion Time 

26 ms 

hologram 

Diameter 

1 mm 

Write or Erase 
Time 

30 ms 

Hololens 
Ef f iclency 

101 

Systems 

Sensitivity 

1.3 x 10 -11 W 

Page 

Composer 

10* bits 

Sense Signal 

9.25 x 10 -9 W 

Seam Angle 

20° (800 linea/nun) 

SNIUwith differ- 
ential detection) 

>27 dB 


IV. CONCLUSIONS 


Holographic memories can be viable If their speed can be made com- 
petitive with other systems of comparable capacity. The major component 
affecting the speed is the storage medium. Photoref ractlve materials 
are potential candidates for the role of storage media, but their sensi- 
tivity Is generally low. However, the sensitivity of lithium niobate 
doped with Iron can be controlled by heavy chemical reduction of lightly 
duped samples. The most practical method of chemical reduction Involves 
annealing the crystal in the presence of a powdered salt such as lithium 
carbonate. This has yielded an Improvement in optical sensitivity by a 
factor of about 38. The improvements have made it possible to evaluate 
the possible performance of a read-write memory using this material. Re- 
sults on a simulated system indicate a cycle time of 60 ms with a high 
signal-to-noise ratio. Although still too slow for a practical system, 
this represents an improvement of two orders of magnitude over the per- 
formance of earlier experimental prototypes (ref. 5). 
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